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METHODS AND AN APPARATUS FOR DETECTING FRACTURE WITH 
SIGNIFICANT RESIDUAL WIDTH FROM PREVIOUS TREATMENTS 

Field of the Invention 

[0001] The present invention pertains generally to the field of oil and gas subsurface 

earth formation evaluation techniques and more particularly to methods and an apparatus for 
diagnosing a refracture candidate using a fracture-injection falloff test to rapidly determine if a 
hydraulic fracture with significant residual width exists in a formation from a previous 
stimulation treatment(s). More specifically, the invention relates to improved methods and an 
apparatus of using a plot of transformed pressure and time to determine if a fracture retaining 
residual width is present. The invention has particular application in using the refracture- 
candidate diagnostic fracture-injection falloff test to provide a technique for an analyst to 
determine when and if restimulation is necessary. 
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Background of the Invention 

[0002] The oil and gas products that are contained, for example, in sandstone earth 

formations, occupy pore spaces in the rock. The pore spaces are interconnected and have a 
certain permeability, which is a measure of the ability of the rock to transmit fluid flow. When 
some damage has been done to the formation material immediately surrounding the bore hole 
during the drilling process or if permeability is low, a hydraulic fracturing operation can be 
performed to increase the production from the well. 

[0003] Hydraulic fracturing is a process by which a fluid under high pressure is injected 

into the formation to split the rock and create fractures that penetrate deeply into the formation. 
These fractures create flow channels to improve the near term productivity of the well. After 
the parting pressure is released, it has become conventional practice to use propping agents of 
various kinds, chemical or physical, to hold the crack open and to prevent the healing of the 
fractures. 

[0004] The success or failure of a hydraulic fracture treatment often depends on the 

quality of the candidate well selected for the treatment. Choosing an excellent candidate for 
stimulation often ensures success, while choosing a poor candidate normally results in 
economic failure. To select the best candidate for stimulation, there are many parameters to be 
considered. The most critical parameters for hydraulic fracturing are formation permeability, 
the in-situ stress distribution, reservoir fluid viscosity, skin factor and reservoir pressure. 
[0005] During an original completion, oil or gas wells often contain layers bypassed 

either intentionally or inadvertently. Subsequent restimulation programs designed to identify 
underperforming wells and recomplete bypassed layers have been unsuccessful partly because 
the programs tend to oversimplify a complex multilayer problem and focus on commingled 
well performance and well restimulation potential without thoroughly investigating layer 
properties and layer recompletion potential. The complexity of a multilayer environment 
increases as the number of layers with different properties increases. Layers with different pore 
pressure, fracture pressure, and permeability can coexist in the same group of layers. The 
biggest detriment for investigating layer properties is a lack of cost-effective diagnostics for 
determining layer permeability, pressure, and quantifying the effectiveness of previous 
stimulation treatment(s). 
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[0006] Conventional pressure-transient testing, which includes drawdown, buildup, 

injection, or pressure-falloff testing, can be used to identify an existing fracture retaining 
residual width from a previous fracture treatment(s), but conventional testing requires days of 
production and pressure monitoring for each single layer. Consequently, in a wellbore 
containing multiple productive layers, weeks to months of isolated-layer testing can be required 
to evaluate all layers. For many wells, the potential return does not justify this type of 
investment. 

[0007] Alternative methods, like an annulus-injection test for diagnosing an open 

fracture from a previous stimulation treatment(s) are, at best, qualitative and the interpretation 
is subjective. This method is described in detail in a paper entitled "Screening Restimulation 
Candidates in the Antrim Shale", SPE 29712 presented by Hopkins, C.W. et al, at the 8-10 
November 1994 SPE Eastern Regional Conference and Exhibition, Charleston, West Virginia. 
The annulus-injection test, which was initially developed to identify restimulation candidates in 
low-permeability gas reservoirs, requires slowly injecting water into a partially depleted 
formation until the wellbore or wellbore and fracture fill with water. "Fillup" is determined by a 
rapid increase in pressure, and pressure is always maintained below the fracture pressure of the 
formation. A well that fills quickly is considered unstimulated, and a well that fills slowly is 
presumed to have a high-conductivity fracture in communication with the wellbore. Anticipated 
fillup volumes can be calculated from the proppant volume pumped in a previous stimulation 
treatment(s), but actual fillup volumes can differ from theoretical fillup volumes substantially; 
thus the annulus-injection test may not yield accurate data. 

[0008] Also known in the prior art are various methods that include radioactive logging. 

One of these methods is also described in a paper "Measuring Hydraulic Fracture Width Behind 
Casing Using a Radioactive Proppant", SPE 31105 presented by Reis, J.C. et al, at the 14-15 
February 1996 SPE Formation Damage Control Symposium, Lafayette, Louisiana. Gamma ray 
or spectral gamma ray logging devices can be used to identify an open near-wellbore fracture 
provided previous stimulation treatments were tagged with radioactive isotopes and provided 
the radioactivity can be measured; however, the depth of investigation of the radioactive 
logging tools is restricted to within a few inches or feet of the wellbore. 

[0009] Two other tests that can be used to diagnose a fracture retaining residual width 

are impulse and slug tests. Impulse tests require an injection or withdrawal of a volume of fluid 
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over a relatively short time period followed by an extended shut-in period, and slug tests 
require an "instantaneous" imposition of a pressure difference between the wellbore and the 
reservoir and an extended shut-in period. Typically, the instantaneous pressure difference is 
created by placing a "slug" of water or a solid cylinder of known volume into the wellbore. The 
primary difference between the tests is the time of injection or production and both can be used 
to identify a fracture retaining residual width. However, like the annulus-injection test, the 
pressure during impulse or slug test is maintained below the fracture pressure of the formation. 
Similar to conventional pressure-transient testing, an impulse or slug test designed to determine 
the presence of a fracture retaining residual width from a previous fracture treatment(s) can 
require relatively long periods of pressure monitoring. 

[0010] What is needed is an improved technique that can identify objectively and 

rapidly the presence of a pre-existing open fracture from a previous stimulation treatment(s) 
and that is economically attractive. 
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Summary of the Invention 
[0011] The present invention pertains generally to the field of oil and gas subsurface 

earth formation evaluation techniques and more particularly to methods and an apparatus for 
diagnosing a refracture candidate using a fracture-injection falloff test to rapidly determine if a 
hydraulic fracture with significant residual width exists in a formation from a previous 
stimulation treatment(s). 

[0012] According to the present invention, this test allows a relatively rapid 

determination of the effectiveness of previous stimulation treatment(s) by injecting a small 
volume of liquid, gas, or a combination (foam, emulsion, etc.) containing desirable additives 
for compatibility with the formation at an injection pressure exceeding the formation fracture 
pressure and recording the pressure falloff The pressure falloff is analyzed to identify the 
presence of a fracture retaining residual width from a previous stimulation treatment(s). 
[0013] The time of injection is minimized such that the time of injection is a small 

fraction of the time required for the reservoir to exhibit pseudoradial flow; thus, the recorded 
pressure data from a refracture-candidate diagnostic fracture-injection/falloff test can be 
transformed using a constant-rate pressure transformation. The transformed data are then 
analyzed to identify before- and after-closure periods of wellbore storage. The presence of dual 
unit-slope wellbore storage periods is indicative of a fracture retaining residual width. 

[0014] In accordance with a first aspect of the present invention, a method of detecting 

a fracture retaining residual width from a previous well treatment(s) during a well fracturing 
operation in a subterranean formation containing a reservoir fluid, comprises the steps of: 

- injecting a volume of injection fluid into the formation at an injection pressure exceeding the 
formation fracture pressure; 

- gathering pressure measurement data from the formation at various points in time during the 
injection and a subsequent shut-in period; 

- transforming the pressure measurement data into a constant rate equivalent pressure; and 

- detecting the presence of a dual unit-slope wellbore storage in the transformed pressure 
measurement data, said dual unit slope being indicative of the presence of a fracture retaining 
residual width. 
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[0015] Preferably, the transformation step of said pressure measurement data is based 

on the properties of the reservoir fluid. 

[0016] Preferably, the injection time is limited to the time required for the reservoir 

fluid to exhibit pseudoradial flow. 

[0017] Also preferably, the reservoir fluid is compressible or slightly compressible. 

[0018] And preferably, the injection fluid is compressible or slightly compressible and 

contains desirable additives for compatibility with said formation. 

[0019] In accordance with a second aspect of the present invention, a system for 

detecting a fracture retaining residual width from a previous well treatment(s) during a well 
fracturing operation in a subterranean formation containing a reservoir fluid, comprises: 

- a pump for injecting a volume of injection fluid at an injection pressure exceeding the 
formation fracture pressure; 

- means for gathering pressure measurement data in the wellbore at various points in time 
during the injection and a subsequent shut-in period; 

- processing means for transforming the pressure measurement data into a constant rate 
equivalent pressure; and 

- means for detecting the presence of a dual unit-slope wellbore storage in the transformed 
pressure measurement data, said dual unit slope being indicative of the presence of a fracture 
retaining residual width. 

[0020] Preferably, the transformation step of said pressure measurement data is based 

on the properties of the reservoir fluid. 

[0021] Preferably, the injection time is limited to the time required for the reservoir 

fluid to exhibit pseudoradial flow. 

[0022] Also preferably, the reservoir fluid is compressible or slightly compressible. 

[0023] And preferably, the injection fluid is compressible or slightly compressible and 

contains desirable additives for compatibility with said formation. 

[0024] In accordance with a third aspect of the present invention, a system for detecting 

a fracture retaining residual width from a previous well treatment(s) during a well fracturing 
operation in a subterranean formation containing a reservoir fluid, comprises: 

- a pump for injecting a volume of injection fluid at an injection pressure exceeding the 
formation fracture pressure; 
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- means for gathering pressure measurement data in the wellbore at various points in time 
during the injection and a subsequent shut-in period; 

- processing means for transforming the pressure measurement data into a constant rate 
equivalent pressure; and 

- graphics means for plotting said transformed pressure measurement data representative of 
before and after closure periods of wellbore storage, and for detecting a dual unit-slope 
wellbore storage indicative of the presence of a fracture retaining residual width. 

[0025] Other aspects and features of the invention will become apparent from 

consideration of the following detailed description taken in conjunction with the accompanying 
drawings. 
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Brief Description of the Drawings 

[0026] A more complete understanding of the present disclosure and advantages thereof 

may be acquired by referring to the following description taken in conjunction with the 
accompanying drawings wherein: 

[0027] Figure 1 shows a diagram that establishes the mass balance equation of a 

wellbore and fracture filled with a single-phase fluid. 

[0028] Figure 2 is a first graph of the surface pressure and injection rate versus time for 

the fracture injection/falloff test in a reservoir containing a pre-existing hydraulic fracture with 
retained residual width. 

[0029] * Figure 3 is a first log-log graph of the transformed fracture injection/falloff test 

shut-in pressure data, such as adjusted pressure and adjusted pressure derivative, showing a 

dual unit slope wellbore storage and indicating a fracture retaining residual width. 

[0030] Figure 4 is a graph of bottomhole pressure and injection rate versus time for the 

fracture injection/falloff test in a reservoir without a pre-existing hydraulic fracture. 

[0031] Figure 5 is a second log-log graph of the transformed fracture injection/falloff 

test shut-in pressure data showing only a single unit slope wellbore storage during closure and 

indicating no retained residual fracture width. 

[0032] Figure 6 is a general flow chart representing methods of detecting a fracture 

retaining residual width. 

[0033] Figure 7 shows schematically an apparatus located in a wellbore useful in 

performing the methods of the present invention. 

[0034] The present invention may be susceptible to various modifications and 

alternative forms. Specific embodiments of the present invention are shown by way of 
example in the drawings and are described herein in detail. It should be understood, however, 
that the description set forth herein of specific embodiments is not intended to limit the present 
invention to the particular forms disclosed. Rather, all modifications, alternatives and 
equivalents falling within the spirit and scope of the invention as defined by the appended 
claims are intended to be covered. 
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Description of The Preferred Embodiment 

[0035] A refracture-candidate diagnostic fracture-injection/falloff test is an injection of 

liquid, gas, or a combination (foam, emulsion, etc.) at pressures in excess of the minimum in- 
situ stress and formation fracture pressure with the pressure decline following the injection test 
recorded and analyzed to establish the presence of a fracture retaining residual width from a 
previous stimulation treatment(s). 

[0036] Liquid is in general considered as a slightly compressible fluid, whereas gas is a 

compressible fluid. In the present invention, a slightly compressible fluid is a fluid with a small 
and constant compressibility. Most reservoir liquids, for example, oil, water, and condensate, 
can be modeled as slightly compressible. Mathematically, a small and constant compessibility 
allows the density as a function of pressure to be written as: 

P = P b e cip - pb \(l) 
wherein 

p is the density of the fluid, 

p b is the density of the fluid at an arbitrary reference pressure, 

p is the pressure, 

p b is a reference pressure, and 

c is the compressibility of the fluid. 

[0037] Diagnostic fracture-injection/falloff tests are small volume injections with the 

time of the injection a small fraction of the time required for a reservoir fluid to exhibit 
pseudoradial flow; consequently, the fracture-injection portion of a test can be considered as 
occurring instantaneously, and a diagnostic fracture-injection/falloff test can be modeled as a 
slug test where any new hydraulic fracture initiation and propagation or existing hydraulic 
fracture dilation occur during the "instantaneous" fracture-injection. 
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[0038] A fracture-injection/falloff test results in an open infinite-conductivity hydraulic 

fracture with pressures above fracture closure stress during the before-closure portion of the 
pressure falloff and with pressures less than fracture closure stress during the after-closure 
portion of the pressure falloff. 

[0039] Four types of models have been experimented with and will be described in 

more detail as the preferred embodiments according to the present invention. The first model 
deals with a slightly compressible reservoir fluid and a slightly compressible injected fluid, the 
second model deals with a slightly compressible reservoir fluid and a compressible injected 
fluid, the third model deals with a compressible reservoir fluid and a compressible injected 
fluid and finally the fourth model deals with a compressible reservoir fluid and a slightly 
compressible injected fluid. For each model, the hypothesis regarding the parameters and 
variables will differ whether it is before-fracture closure or after- fracture closure. 

I) Slightly-Compressible Reservoir Fluid and Injected Fluid 

[0040] Fig. 1 illustrates a diagram that establishes a mass balance equation which is 

based on the assumption that a slightly-compressible single-phase fluid fills the wellbore and 
that there is an open hydraulic fracture. The equation of the mass balance can then be written 
as: 

Storage 

^ T P ~ ' d{v fPf ) 

qBp - q sf B rPr = V wb + 2 Kf f f \ (2) or 

J at dt 

qBp - q sf B rPr = V wb 4£** + 2 V f ^ + 2p f ^, (3) 

where 

q is the surface injection rate, 

B is the formation volume factor of the injected fluid, 
p is the density of the injected fluid, 
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q s f is the sandface injection rate, 

B r is the formation volume factor of the reservoir fluid, 

p r is the density of the reservoir fluid, 

V wb is the wellbore volume, 

p wb is the wellbore fluid density, 

Vf is the volume of one wing of a fracture symmetrical about the wellbore, 
Pf is the density of the fluid filling the fracture, and 
/is the time. 

[0041] For the wellbore, 

d Pwb _ n 1 d Pwb d Pw _ n „ d Pw SA\ 

where c wb is the isothermal compressibility of the wellbore fluid. 

[0042] The volume of an open fixed-length fracture can be written as: 

V f =A f w 9 (5) 

where 

A j- is the area of one face of one fracture wing, and 
w is the average fracture width. 

[0043] In a paper SPE 8341 entitled "Determination of Fracture Parameters from 

Fracturing Pressure Decline", presented at the 1979 SPE Annual Technical Conference and 
Exhibition, Dallas, Texas, 23-25 September 1979, Nolte demonstrated that the average 

li 



width, w , can be written in terms of net pressure, or pressure in excess of fracture closure stress, 
as: 

where 

p n is the net pressure, 
p w (t) is the pressure as a function of time, 
p c is the fracture closure pressure, and 
Syis the fracture "stiffness. 1 ' 

[0044] Fracture stiffness, or the inverse of fracture compliance, is defined by the elastic 

energy or "strain energy" created by an open fracture in a rock assuming linear elastic theory is 
applicable. Table 1 contains the fracture stiffness definitions for three common 2D fracture 
models as defined by Valko, P and Economides, M.J. in "Coupling of Elasticity, Flow, and 
Material Balance", Hydraulic Fracture Mechanics, John Wiley & Sons, New York City (1997) 
Chap 9, 189-233. In Table 1, 

E f is the plane-strain modulus, 

Rj is the fracture radius of a radial fracture, 

hf is the gross fracture height, and 

Lj-is the fracture half-length. 



Radial 


Perkins-Kern-Nordgren 


Geertsma-deKlerk 


{S f )RAD = l6R f 


f<? ^ - 2E ' 
tSf)PKN - nhf 





Table 1 — ^Fracture stiffriess for 2D fracture models 
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[0045] Assuming a single vertical fracture grows in the direction of maximum stress, 

then the volume of one wing of the fracture at pressures below the minimum in-situ or 
"closure" stress can be written as: 

V f =A f w f0 , p w {t)<p c , (7) 

where \vy 0 is the average retained residual fracture width. 

[0046] At a pressure above the minimum in-situ stress, but below the closure stress on 

the propping agents acting to hold the fracture open, p CiProp , the volume of one wing of the 

fracture can be written as: 



V f =A f w f0 



w f0 



, p c <p w (t)<p cprop , (8) 



where Any is the change in residual width as a function of pressure. 

[0047] For example, the change in residual width of a fracture containing sand propping 

agent is a function proppant bulk density, p^ prop {p\ and proppant embedment, e prop (p). Other 

factors including proppant crushing, proppant solubility, and stress cycling can also effect the 
change in residual width. 

[0048] At pressures above the closure stress on the proppant, /> C)/?ro/ ,,the volume of one 

wing of the fracture can be written as: 

V f= A f E V 1 ' P»M>Pc 9 prcp> (9) 

which can be used to define the change in fracture volume with respect to time and is written 

as: 

dV f _A fdpn{t ) 
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[0049] Assume a constant density, p = p wb = pj- = p r , and a constant formation volume 

factor, B = B r , then the mass balance can be written as: 



1sf+c wb V wb -— + — 



fcwb v wb + 2c f A fWfp] dp w (t) 

q * B ~~~ 

Auy(/?) 



1 dp w , 2c f A f w /o 



1 + - 



+ 2A f 
dt f 



dp w 



dt 



dp w (t) 



P W (')<Pc 

Pc^Pw(')^Pc,prop 
Pc.prop < PwO) 



(11) 



[0050] Eq. 11 relates the surface flow rate to the sandface flow rate in a reservoir 

containing a hydraulic fracture at pressures above the fracture closure stress, and, more 
importantly, Eq. 1 1 shows that a wellbore storage coefficient extracted from Eq. 1 1 will not be 
constant. A constant wellbore storage coefficient, however, can be written for a before-fracture 
closure limiting case and after- fracture closure limiting case. 

1) Before Fracture Closure 



[0051] 



Before fracture closure, when p Cjprop < p w (t) , 



dV f dp . dp, 

2p f-£ >>Kb ^r +lv '-^> (12) 



dt 



dt 



such that Eq. 1 1 can be written as: 



<l = <l s f + 



[0052] 



2A 



V 



1 dp M 



B dt 



■"c,prop fw 



< Pw (t). (13) 



Define 



'be 



2A f 



V 



, (14) 



where C bc is the before-closure wellbore-storage coefficient, which is typically constant 
provided fracture area and stiffness are constant during closure. 
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[0053] Then Eq. 14 can be written as: 

q _1 , C bc d Pw n . „ / f \ n c>, 

~ 1 + '—J- > Pc,prop < PwiO , (15) 

Qsf <lsf B dt 

where 

q is the surface injection rate, 
q s f is the sandface injection rate, 

B is the formation volume factor of the injected fluid, and 
C bc is the before-closure wellbore-storage coefficient. 
2) After Fracture Closure 

[0054] After fracture closure, when p w (t) < p c , and when a fracture retains significant 

residual width wf 0 > 0, Eq. 3 can be written as: 

qBp = q sf Bp + V wb ^ + 2V f ^- , Pw {t)<p c & w f0 > 0,(16) 

which, assuming a constant density, p = p wb =p f =p r ,and a constant formation volume factor, 
B = B r , can also be written as: 

= V + ( C h^w6 +2c /^/0)^^ ' Pw(0<P c & >V /0 >0,(17) 

where 

is the compressibility of the fluid in the fracture, 
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Wf 0 is the average retained residual fracture width, and 
Vf 0 is the retained residual fracture volume. 
[0055] Define 

C ac = c wb V wb+ 2c f A f™fO> ( 18 ) 

where C ac is the after-closure wellbore-storage coefficient, which for the limiting case is 
typically constant. 

[0056] Then Eq. 17 can be written as: 

— = 1 + • Pwi'XPc & */o>0, 09) 

where 

q is the surface injection rate, 
q s f is the sandface injection rate, 

B is the formation volume factor of the injected fluid, and 
C ac is the after-closure wellbore-storage coefficient. 

[0057] Fig. 4 shows a case combining slightly compressible reservoir fluid and slightly 

compressible injected fluid illustrated by a graph of surface pressure and injection rate versus 
time for the fracture-injection/falloff test in an environment of water saturated coal reservoir. 
Fig 5 depicts log-log plotting of the transformed shut-in pressure data. The experimental 
conditions of these graphs are detailed later on. 
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II) Slightly-Compressible Reservoir Fluid and Compressible Injected Fluid 

[0058] In this second model, we assume that a compressible single-phase fluid fills the 

wellbore and an open hydraulic fracture, but the reservoir is saturated with a slightly- 
compressible fluid. Then the mass balance equation can be written as: 

1g B gPg ~ tig V (B g V ip g ) s/ = V wb — £2* + 2V f —U- + 2(p g ) f -JL, (20) 
where 

q g is the surface compressible fluid injection rate, 

B g is the formation volume factor of the injected compressible fluid, 

p g is the density of the compressible injected fluid, 

(q g ) s f is the sandface compressible fluid injection rate, 

(B g ) s fis the formation volume factor of the injected compressible fluid at the sandface, 
(Pg)sf is the density of the injected compressible fluid at the sandface, 
(Pg)wb i s the density of the wellbore compressible fluid, and 
(p g )f is the density of the compressible fluid filling the fracture. 

[0059] Assuming the compressible fluid density is described by the real-gas law then 

the derivative of compressible fluid density with respect to time can be written as: 

-f = P g c g ~> (21) 
and Eq. 20 is written as: 
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**V>s-^V^ ( 22 ) 

[0060] Assume that (p g ) s f = (p g ) w t = (P g )f> and B g = (B g ) s f = B g , then Eq. 22 can be 

written as: 



%Pg =1 , ( c g)wbVwb+2(c g )fVf dp w lA f i = ^g) 
(4g)sf(Pg)sf ^g)sfBg dt S f (g g ) sf B g dt 

1) Before Fracture Closure 

[0061] Before fracture closure, when /? Cj/7ro/7 < /> w (0 , 

and Eq. 23 reduces to: 

1 d Pw 



(23) 



{9g)sfiP g )sf 



2A f 



'c,prop 



<PwV), (25) or 



q S P g _i , C bc d Pw n /.\ 

,„ x 7— v : p T > Pc )P rop<Pw(0, (26) 



where 

9 g is the surface compressible fluid injection rate, 

V is the sandface compressible fluid injection rate, 
B g = (B g ) s f =B gi \s the formation volume factor of the injected compressible fluid, 
p g is the density of the compressible injected fluid, 
(Pg) s f is the density of the injected compressible fluid at the sandface, and 
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C bc is the before-closure wellbore-storage coefficient. 
2) After Fracture Closure 

[0062] After fracture closure, when p w (t) < p c , and when a fracture retains significant 

residual width, wy 0 > 0, Eq. 22 can be written as: 

4g B gPg=(<lg)sf(Bg)sf(Pg)sf+Vwb +2V f diP8 J Wb , p w (t)< Pc & w/ 0 >0, (27) 

and Eq. 27 reduces to: 

gg^g =u ( c g v wb + 2(c g )f Vf d Pw 
(<lg)sf(Pg)sf B g dt 

1 dv 

= l + [(c g ) wb V wb +2(c) f A f w fQ ] ™ , Pw (t)<p c & w f0 >0. (28) 

[0063] Let c"g s (c g Q +c gi )/2 , then Eq. 28 can be written as: 

IsPs _ 1 dv 

(n\ (n\ =1+ ^U^ +2 ^W/0] ; , „ 2 > Av(0</>c & W /0 >0,(29) 

[0064] Define 

= (c g ) wb V wb + 2(c g ) f A f w f0 , (30) 

and 

r„ =1 + 7^TT ' p " {t)<p < & ^ 0>0 ' (31) 

(9g)sf(P g ) s f (Vg)sf B g dt 
where 

9 g is the surface compressible fluid injection rate, 
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(q g ) s f is the sandface compressible fluid injection rate, 

B g s (B g ) s f ~B g ,is the formation volume factor of the injected compressible fluid, 

p g is the density of the compressible injected fluid, 

(p g ) s f is the density of the injected compressible fluid at the sandface, and 

C acc is the after-closure wellbore-storage coefficient with compressible injected fluid. 
Ill) Compressible Reservoir Fluid and Compressible Injected Fluid 

[0065] For refracture-candidate diagnostic fracture-injection/falloff test conducted by 

injecting a gas or compressible fluid in a reservoir containing a compressible fluid, a similar 
result can be derived. For a compressible fluid, pseudovariables, or for convenience, adjusted 
pseudovariables are used to transform the pressure and time data prior to the constant-rate data 
transformation as shown by Xiao, J. J. and Reynolds, A.C. in "A Pseudopressure-Pseudotime 
Transformation for the Analysis of Gas Well Closed Chamber Tests" paper SPE 25879 
presented at the 1993 SPE Rocky Mountain Regional/Low-Permeability Reservoirs 
Symposium, Denver, Colorado, 12-14 April 1993. 

1) Before-Fracture Closure 

[0066] Before fracture closure, when p Cjprop < p w (t) , 



and Eq. 22 reduces to 

1 dp w 



(<lg)sf(Pg)sf 



2A f 

~*7 



(<lg)sf B g dt 



Pc,pro P < Av(') > (33) or 



q g p g _,. C bc d Pw n . n (f s nA >. 

— + = • Pc,prop < Pwi t )y (34) 



(Vg)sf(Pg)sf (lg)sfBg dt 
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where 

q g is the surface compressible fluid injection rate, 
(q g ) s f is the sandface compressible fluid injection rate, 

B g = (B g ) s f = B g ,is the formation volume factor of the injected compressible fluid, 
p g is the density of the compressible injected fluid, 

{p g ) s f is the density of the injected compressible fluid at the sandface, and 
C bc is the before-closure wellbore-storage coefficient. 
2) After-Fracture Closure 

[0067] After fracture closure, p w (t) < p C) if a fracture retains residual width, wf 0 >0,Eq. 

22 can be written as: 

q g p g {Cg) wb V wb +2{Cg) f V f dpw 

or using Eq. 29 written as: 



c 

^acc 



^j- , Pw(0<P c & ™/o>o, (36) 



(.<lg)sf(Pg)sf 

where 

q g is the surface compressible fluid injection rate, 
(q g ) s f is the sandface compressible fluid injection rate, 

Bg = (B g ) s f = B g , is the formation volume factor of the injected compressible fluid, 
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p g is the density of the compressible injected fluid, 

(Pg) s f is the density of the injected compressible fluid at the sandface, and 

C acc is the after-closure wellbore-storage coefficient with compressible injected fluid. 

IV) Compressible Reservoir Fluid and Slightly-Compressible Injected Fluid 

[0068] A similar derivation can be used for refracture-candidate diagnostic fracture- 

injection/falloff tests consisting of a slightly compressible fluid injection in a reservoir 
containing a compressible fluid. 

1) Bef ore-Fracture Closure 

[0069] Before fracture closure, when p Cjprop < p w (t) , 

(p ' ) '~dt >> v - dT~ +2Vf dt' (37) 

and combining Eqs. 13 and 14 results in 

— + — > Pc,prop < Pw(0 , (38) 

where 

q is the surface injection rate, 
q s f is the sandface injection rate, 

B is the formation volume factor of the injected fluid, and 
Q, c is the before-closure wellbore-storage coefficient. 
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2) After-Fracture Closure 



[0070] After fracture closure, p w (t)< /? c ,if a fracture retains residual width, Wf 0 >0,the 

material balance equation is the same as Eq. 17 and written as: 



— = 1 + x > Pw(0<Pc & w /0 >0, (39) 



<?sf Vsf B 

or using Eq. 19 written as: 

— = 1+ ^% > /*»<')< ft & ^/o>o, (40) 
where 

q is the surface injection rate, 
q s j is the sandface injection rate, 

B is the formation volume factor of the injected fluid, 
C ac is the after-closure wellbore-storage coefficient, and 
> 0, is the existence of a residual fracture width. 

[0071] Fig. 2 shows a case combining compressible reservoir fluid and slightly 

compressible injected fluid illustrated by a graph of surface pressure and injection rate versus 
time for the fracture-injection/falloff test in an environment of low permeability tight-gas 
sandstone. Fig 3 depicts both log-log plotting of transformed shut-in data in terms of adjusted 
pseudovariables using a constant-rate data transformation. The experimental conditions of these 
graphs are detailed later on. 

[0072] Table 2 summarizes the before-closure and after-closure limiting case wellbore 

storage coefficients for the four combinations of compressible or slightly-compressible 
injection and reservoir fluids. 
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Injected/Reservoir Fluid 


Before-Closure 
Wellbore Storage 
Coefficient 


After-Closure Wellbore Storage 
Coefficient 


Slightly Compressible/ 
Slightly Compressible 


2A f 
S f 


C ac = c wb V wb +2c f A f™fO 


Compressible/ 
Slightly Compressible 


Cbc^ 


C acc =(Cg) W b V wb +2 (Cg)fAfW f0 


Slightly Compressible/ 
Compressible 


c *= Sf 


C ac = c wb V wb +2c f A f™fO 


Compressible/ 
Compressible 




C acc =(Cg)wb V wb +2 (Cg)f A f™fO 



Table 2 — Before closure and after closure limiting case wellbore storage coefficients. 

[0073] Once the simplified mass balance equations have been obtained for the four 

combinations using the appropriated assumptions, these equations can be used to introduce 
dimensionless variables of times and pressures. 



V) Material Balance Equations in Terms of Dimensionless Variables 

[0074] During the shut-in period following a fracture-injection/falloff test, the surface 

rate is zero (q=0), thus the material balance equations for the limiting cases for slightly 
compressible injection fluids can be written as: 

1 = _JL^ ? (4i) 

q sf B dt } 

or written as: 

1 = C - dpw , (42) 

(q g ) sf B g dt 

for compressible injection fluids where C represents either C bc ,C ac , or C acc . 

[0075] 1) When the reservoir fluid is slightly compressible, dimensionless pressure is 

defined as: 
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_ 27tkh{ Pi -p w ) 

PwD ~ „ > V*3) 

q S f B v 

where 

k is the permeability, 

h is the formation permeable thickness, 

ju is the viscosity, and 

Pi is the initial pressure, then 

[0076] With a slightly compressible reservoir fluid, dimensionless time is defined as: 

V = T-V' (45) 
where 

^ is the porosity, 

Lf is created hydraulic fracture half-length, and 
c t is the total compressibility, then 

<f>uc t Lf 
dt ^JLLL dtLfD . (46 ) 

[0077] In order to have the reservoir exhibit pseudoradial flow, experimental values of 

the dimensionless time are very often above 3. 

[0078] With Eqs. 44 and 46, the material balance equation for a slightly compressible 

injection fluid and a slightly compressible reservoir fluid can be written as: 
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1= C 2 f™ D . (47) 
2n<f>c t hLf dt LfD 

[0079] The dimensionless wellbore storage coefficient, C L ^ Di cm now be defined as: 



%D=——r, (48) 

and the material balance can be written as: 
1 = Q D *^. (49) 

J dt L f D 

[0080] With a slightly compressible reservoir fluid and a compressible injection fluid, 

the material balance equation is derived from Eq. 42. Recognizing that during the before- 
closure pressure decline, the compressible fluid penetrates only a very short distance into the 
reservoir from the fracture face, the properties of the slightly compressible reservoir fluid 
dominate the diffusion process, that is, the reservoir properties and reservoir fluid control the 
diffusion rate,<//? w / dt. Consequently, assume piston-like displacement, which results in: 

(q g ) sf B g =qB, (50) 

and the material balance equation, Eq. 42, for a compressible injection fluid and a slightly 
compressible reservoir fluid can be written as: 

_ 1== C ^ dp w c dp w 

(q g )sfBg dt q sf B dt 

[0081] Thus, regardless of injected fluid, when the reservoir fluid is slightly 

compressible, the dimensionless wellbore storage coefficient is defined by Eq. 48, and the 
material balance equation is defined by Eq. 49. 

[0082] 2) For compressible reservoir fluids, pseudovariables, or for convenience, 

adjusted pseudovariables, are used to transform the pressure and time data as shown by Xiao, 
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J.J. and Reynolds, A.C. in "A Pseudopressure-Pseudotime Transformation for the Analysis of 
Gas Well Closed Chamber Tests" paper SPE 25879 presented at the 1993 SPE Rocky 
Mountain Regional/Low-Permeability Reservoirs Symposium, Denver, Colorado, 12-14 April 
1993. Define adjusted pseudopressure as: 



Pa 



_M g z fPpdp ^ 
p Jo Pg z ' 



(52) 



where z is the real gas deviation factor. It is a measure of the deviation of a real gas compared 
to an ideal gas. Then 



d Pw =~r-z 



dp, 



aw ■ 



(53) 



wb 



[0083] 



The "constant-rate" dimensionless pressure is defined by: 



PawcD ~ 



2 * kh p[(Pa)i-(Pa)wb] 
(q g ) sf B g JI g 



(54) 



and combining Eq. 54 with Eq. 53 results in: 



dp w = 



2nkh n 



M g 2 



Mgi 



d PawcD> ( 55 ) 



wb 



where h p is the formation permeable thickness. 



[0084] 



Define 



t aL f D 



,ru _ _ j ' 
(t>M g c,L f 



(56) 



and adjusted pseudotime as: 



t a=(V g c t ) 



JO 



dt 



oPg c < 



, (57) 
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then 

- = 5 — . (58) 

dt 4>(VgC t ) wb L Z f <ttaL f D 

[0085] With a slightly compressible injection fluid in a reservoir containing 

compressible fluids, piston-like displacement is assumed and the material balance equation is 
written as: 

{ = C dp w = C = dp w ^ 59 . 
q sf B dt (q g ) s fB g dt 

[0086] When both the injected and reservoir fluids are compressible, writing the 

material balance equation in terms of dimensionless adjusted pseudovariables results in: 

* % ^ x ur2 ^1T^ ' Pc, P rop<P„(0, (60) 
2x0(c t ) w bhL} T dt aLfD 

where 

(f> is the porosity, 

c t is the total compressibility, 

h is the formation permeable thickness, 

Lf is created hydraulic fracture half-length, 

T is reservoir temperature, and 

T wb is wellbore temperature. 

[0087] In order to make further approximations, we need to distinguish the before- and 

after- closure cases. 
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[0088] a) The before-closure limiting-case dimensionless wellbore-storage coefficient 

is not constant because of the total compressibility term; however, as closure stress increases, 
the total compressibility approaches a constant value and can be approximated by the total 
compressibility at closure, (c, ^ «(c/) c . When the net pressure generated during a fracture- 
injection/falloff test is minimal, that is, on the order of a few hundred psi or less, a better 
approximation is the average before closure total compressibility defined as: 

(c t U^(c t ) bc = (Ct)0 l (Ct)c , P c , prop <P»{t). (61) 

[0089] With Eq. 61, the before-closure limiting-case dimensionless wellbore-storage 

coefficient is written as: 

C b cL f D= , Pc 9 prcp<PwiQ, (62) and 

/ 27T<P(c t ) bc hI? f T 

l = C bcL f D d ^ aWCD > Pc 3 prop < Pw(0 9 ( 63 ) 
J dt aL f D 

where 

<t> is the porosity, 

c t is the total compressibility, 

Q c is the before-closure wellbore storage coefficient, 
h is the formation permeable thickness, 
Lf is created hydraulic fracture half-length, 
Tis reservoir temperature, and 
T w b is wellbore temperature. 
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[0090] b) The after-closure limiting-case dimensionless wellbore-storage coefficient is 

also derived from Eq. 60, but the after-closure wellbore total compressibility is approximated 

as: 

{c t ) wb = {c t ) ac = {Ct)c ^ {Ct)i , Pw (0< Pc & w f0 >0. (64) 

[0091] The after closure limiting-case dimensionless wellbore-storage coefficient is 

written as: 

CacL f D- ^"^^ , PwiO<Pc & */0>0, (65) 

f 27t<f>{c t ) ac hl? f T J 

and 

^C^ d^d 9 Pw(t)<Pc & vP >0 , (66) 

3 dt aL f D 

where 

<p is the porosity, 

(c,) ac is the after-closure total compressibility, 

C ac is the after-closure wellbore storage coefficient, 

h is the formation permeable thickness, 

Lf is created hydraulic fracture half-length, 

T is reservoir temperature, 

T w t is wellbore temperature, and 

wf 0 > 0, is the existence of a residual fracture width. 
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[0092] Table 3 summarizes the before-closure and after-closure limiting case 

dimensionless wellbore storage coefficients for the four combinations of compressible or 
slightly-compressible injection and reservoir fluids. 



Injected/Reservoir Fluid 


Before-CIosure 
Dimensionless Wellbore 
Storage Coefficient 


After-Closure 
Dimensionless Wellbore 
Storage Coefficient 


Slightly Compressible/ 
Slightly Compressible 


n _ C bc 

f 27r<f>c t hL 2 f 


r 

c L f D ~ 2 

J 2x(/)c t hLj' 


Compressible/ 
Slightly Compressible 


n _ C bc 
c L f D ~ 9 
J 27r<f>c t hLf 


r 

c L f D ~ 9 
; 27t<f>c t hLf 


Slightly Compressible/ 
Compressible 


r> ^bc ^wb 
c bcL f D~ 9 ~ 
/ 27t<P{c t ) bc hL 2 f T 


n _ C ac T wb 

^acLrD ~ 9 <F 
' 27rt(c t ) ac hl? f T 


Compressible/ 
Compressible 


r _ C-bc ^wb 
c bcL f D ~ 9 = 
J 2n<P{c t ) bc hI? f T 


P Cacc ^wb 
J 27T0(c t ) ac hL 2 f T 



Table 3 — Dimensionless Wellbore Storage Coefficients 



where 

<f> is the porosity, 

c t is the total compressibility, 

h is the formation permeable thickness, 

(c t )bc is average total compressibility before closure, 

(c t ) ac is average total compressibility after closure, 

Lf is created hydraulic fracture half-length, 

T is reservoir temperature, 

T wb is wellbore temperature, 

C bc is the before-closure wellbore-storage coefficient, 
C ac is the after-closure wellbore-storage coefficient, and 
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Cacc is the after-closure wellbore- storage coefficient with compressible injected fluid. 
VI) Diagnosing Wellbore and Fracture Storage 

[0093] When the injection period of a refracturing-candidate diagnostic fracture- 

injection/falloff test is short relative to the reservoir response, the fracture-injection/falloff can 
be modeled as a slug test. Peres, A.M.M., Onur, M., and Reynolds, A.C.: in "A new General 
Pressure-Analysis Procedure for Slug Tests", SPEFE, December 1993, 292, have shown that 
the pressure data recorded during a slug test can be transformed into equivalent "constant-rate" 
pressure data by recognizing the slug- test solution is written as: 

PD,slu g =C D ^, (67) 
at D 

for an unfractured-well slug test, and 

PD.slug = C L f D ^ WC ° > (68) 
J dt L f D 

for a fractured-well slug test as shown by Rushing, J.A. et al in "Analysis of Slug Test Data 
from Hydraulically Fractured Coalbed Methane Wells", paper SPE 21492 presented at the SPE 
Gas Technology Symposium, Houston, Texas, 23-25 January 1991, where the dimensionless 
slug- test pressure for an injection is defined as: 

PD 9 slug = > 

PO-Pi 

and p wcD is the constant-rate dimensionless pressure. 

[0094] Peres, A.M.M., Onur, M., and Reynolds, A.C.: in "A new General Pressure- 

Analysis Procedure for Slug Tests", SPEFE, December 1993, 292, have shown that Eq. 67 (or 
Eq. 68) can be integrated and written as: 



PwcD = ~pr— t LfD PD,slug dT , (70) 
c L f D 
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and the pressure derivative, p' wc o, written as: 
f _ dPwcD _ , d PwcD _ tl f D „ nn 

p wcD ~~J7T~ 4 Z-'LfD-Z —p, PD,slug * \ n ) 

dQnt LfD ) f dt LfD C LfD 

[0095] In terms of adjusted pseudovariables, the slug-test adjusted pseudopressure 

function for an injection is written as: 

_ (Pa)w-(Pa)i / 79 >> 

PaD,siu g - ~, — : — : — r - > v ll ) 

and the "constant-rate" pressure transformation can now be written as: 

PwcD = 7; t° PD,slug dt D = p PaD,slug dt aD = PawcD > C 73 ) 

L L f D * C «V Z) 

and the pressure derivative, ^ WC £>, written as: 

^On^I/Z)) ; dt aLfD C aLfD 

[0096] Consequently, the pressure data recorded during a refracture-candidate 

diagnostic fracture-injection/falloff test can be transformed to equivalent constant-rate pressure 
data. 

[0097] A general form of the material balance equation during the limiting cases can be 

written as: 

C D dp D =dt D , (75) 

where C D =C LfD , C bcLfD , orC acLfD \ p D =p wD orp awD \ and t D =t LfD ort aLfD , 

[0098] With C D constant, Eq. 75 can be integrated, and taking the logarithm, results in: 

log(C£) + log(/^) = log(/ D ). (76) 
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[0099] Eq. 76 shows that during both the before- and after-closure limiting cases, a log- 

log graph of p D versus t D ,or a log-log graph of p D versus t D /C D , will result in a unit slope line 
during wellbore and fracture storage. Over the duration of wellbore storage distorted data, 
however, wellbore storage is variable with a before-closure wellbore-storage period 
transitioning to an after-closure wellbore-storage period. 

[00100] Integrating Eq. 75 results in: 
Po=-^> (77) 

and the well-testing pressure derivative is written as: 
FD d(lnt D ) D dt D C D 

[00101] Eq. 78 shows that a log-log graph of p' D versus t D will also result in a unit slope 
line during the before- and after-closure wellbore storage limiting cases that overlays the log- 
log graph of p D versus t D . Alternatively, a log-log graph of p' D versus t D IC D with have a unit 
slope and overlay a log-log graph of /^versus t D l enduring both before- and after-closure 
wellbore storage limiting cases. 

[00102] Figure 4 shows a graph of surface pressure and injection rate versus time for the 
fracture-injection/falloff test in an environment of water saturated coal reservoir. The test 
consisted of 1,968 gallons of 2% KC1 treated water injected at an average rate of 2.70 bbl/min 
over a 17.5 minute injection period. The injection was followed by a 12 hour shut-in period to 
monitor the pressure falloff. As is shown in the graph, the pressure during most of the injection 
exceeded the fracture closure stress significantly. At the end of pumping, about 516 psi of 
pressure in excess of fracture closure stress had been created by the injection. 

[00103] Figure 5 depicts log-log graph of the transformed shut-in pressure data. The data 
are obtained in the environment as previously mentioned in Figure 4. A wellbore storage unit- 
slope period corresponding to a constant wellbore storage coefficient during closure is clearly 
indicated during the before-closure pressure decline. After the data depart from the unit-slope 
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line, a second unit-slope does not form. During the remainder of the test, the curves take the 
characteristic shape of a radial infinite-acting reservoir. The fracture-injection/falloff test 
confirms a fracture retaining residual width is not present in the formation. 



[00104] The following Table 4 summarizes the well experimental conditions for water 
saturated coal reservoir prior to and during the injection test. 



Description 


Value 


Dimension 


Depth 


5,350 


ft 


Reservoir Fluid 


Water 




Density 


8.43 


lb/gal 


Injected Fluid 


Water containing 2% KC1 




Density 


8.43 


lb/gal 


h 


12 


ft 


T 


130 


°F 


Fracture Injection Falloff Test 






(Yd Total 


1,968 


gal 


hie 


17.5 


min 



Table 4 — Well experimental conditions 



[00105] Figure 2 shows a graph of surface pressure and injection rate versus time for the 
fracture-injection/falloff test in an environment of low permeability tight-gas sandstone with a 
pre-existing propped hydraulic fracture. The test consisted of 3,183 gallons of 1% KCI treated 
water injected at an average rate of 4.10 bbl/min over an 18.5 min injection period. The 
injection was followed by a 4-hour shut-in period to monitor the pressure falloff. As is also 
shown in the graph, the pressure during most of the injection exceeded the fracture closure 
stress significantly. At the end of the pumping, about 500 psi of pressure in excess of fracture 
closure stress had been created by the injection. 

[00106] Figure 3 depicts log-log plotting of transformed shut-in pressure data in terms of 
adjusted pseudovariables using the constant-rate data transformation. The data are obtained in 
the environment as previously mentioned in Figure 2 where a propped hydraulic fracture 
treatment was pumped. The first unit slope period corresponds to a constant wellbore storage 
coefficient during closure. A second wellbore storage period with a constant coefficient appears 
to be developing at the end of the shut-in at pressures significantly less than fracture closure 
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stress. The fracture-injection/falloff test as shown on Figure 3 confirms that a fracture retaining 
residual width is present in the formation. 



[00107] The following Table 4 summarizes the experimental conditions for low- 
permeability tight-gas sandstone prior to and during the injection test. 



Description 


Value 


Dimension 


Depth 


5,722 


ft 


Reservoir Fluid 
Specific Gravity (Air = 1 .00) 


Gas 
0.63 




Injected Fluid 
Density 


Water containing 1% KC1 
8.37 


lb/gal 


h 


80 


ft 


T 


175 


°F 


Fracture Treatment Prior to Test 
Proppant Injected, m prop 


271,000 


lb 


Fracture Injection Falloff Test 

(Vi) Total 


3,183 


gal 


tne 


18.5 


min 



Table 4 — Well experimental conditions 



[00108] Figure 6 illustrates a general flow chart representing methods of detecting a 
fracture retaining residual width. From the refracture-candidate diagnostic fracture- 
injection/falloff test data, the preferred procedure prepares a graph as follows. 

[00109] The time at the end of pumping, t ne , becomes the reference time zero, at step 600 
At = 0. Calculate the shut-in time relative to the end of pumping as At = t- t ne at step 602. A test 
is made at step 604 to determine whether the reservoir contains a compressible fluid or a 
slightly compressible fluid. 

[00110] For a slightly-compressible fluid injection in a reservoir containing a 
compressible fluid, or a compressible fluid injection in a reservoir containing a compressible 
fluid, the compressible reservoir fluid properties are used in order to calculate, at step 610, the 
adjusted time as: 

,_,f* dAt 

Jo 0*t)w 
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[00111] Based on the properties of the compressible reservoir fluid, calculate the 
adjusted pseudopressure difference as: 

N? a (0 = Pawi*) - Pai > at ste P s 6i2 anc * by using the adjusted pseudopressure defined as: 

P Jo Mg* 

[001 12] Calculate the pressure-plotting function as: 
I(Ap a )=^ a Ap a dt a at step 616. 

[001 13] Calculate the pressure-derivative plotting function as: 

Ap '«=~r£r\ =Ap « t « atste P 618 - 

dQnt a ) 

[00114] At step 619, prepare a log-log graph of I(Ap a ) versus t a and a log-log graph of 
Ap' a versus t a . 

[00115] For a slightly-compressible fluid injection in a reservoir containing a slightly 
compressible fluid, or a compressible fluid injection in a reservoir containing a slightly 
compressible fluid, the pressure difference is calculated, at step 620, as: 

&P(t) = Pw(0-Pi- 

[00116] Calculate the pressure-plotting function as : 
I(Ap) = ApdAt , at step 622. 

[0100] Calculate the pressure-derivative plotting function as: 

Ap' = d{Ap) = ApAt , at step 624. 
d(\nAt) 
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[0101] Prepare a log-log graph of I(Ap) versus At and a log-log graph of Ap' versus At 

at step 626. 

[0102] At step 630, look for a unit slope before-fracture closure and a unit slope after- 

fracture closure with the pressure derivative overlaying the pressure curve or adjusted pressure 
derivative overlaying the adjusted pressure curve. 

[0103] Dual unit-slope periods before- and after-fracture closure suggest a fracture 

retaining residual width exists, at step 650. 

[0104] Conversely, a single unit-slope period before-fracture closure suggests a fracture 

retaining residual width does not exist, at step 640. 

[0105] Figure 7 illustrates schematically an example of an apparatus located in a drilled 

wellbore to perform the methods of the present invention. Coiled tubing 710 is suspended 
within a casing string 730 with a plurality of isolation packers 740 arranged spaced apart 
around the coiled tubing so that the isolation packers can isolate a target formation 750 and 
provide a seal between the coiled tubing 710 and the casing string 730. These isolation packers 
can be moved downward or upward in order to test the different layers within the wellbore. 

[0106] A suitable hydraulic pump 720 is attached to the coiled tubing in order to inject 

the injection fluid in a reservoir to test for an existing fracture 760. Instrumentation for 
measuring pressure of the reservoir and injected fluids (not shown) or transducers are provided. 
The pump which can be a positive displacement pump is used to inject small volumes of 
compressible or slightly compressible fluids containing desirable additives for compatibility 
with the formation at an injection pressure exceeding the formation fracture pressure. 

[0107] The data obtained by the measuring instruments are conveniently stored for later 

manipulation and transformation within a computer 726 located on the surface. Those skilled 
in the art will appreciate that the data are transmitted to the surface by any conventional 
telemetry system for storage, manipulation and transformation in the computer 726. The 
transformed data representative of the before and after closure periods of wellbore storage are 
then plotted and viewed on a printer or a screen to detect a single or a dual unit slope. The 
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detection of a dual unit slope is indicative of the existence of a remaining residual width within 
the fracture. 

[0108] The invention, therefore, is well adapted to carry out the objects and to attain the 

ends and advantages mentioned, as well as others inherent therein. While the invention has 
been depicted, described and is defined by reference to exemplary embodiments of the 
invention, such references do not imply a limitation on the invention, and no such limitation is 
to be inferred. The invention is capable of considerable modification, alternation and 
equivalents in form and function, as will occur to those ordinarily skilled in the pertinent arts 
and having the benefit of this disclosure. The depicted and described embodiments of the 
invention are exemplary only, and are not exhaustive of the scope of the invention. 
Consequently., the invention is intended to be limited only by the spirit and scope of the 
appended claims, giving full cognizance to equivalents in all respects. 
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